Abstract. Increasing evidence has indicated that circulating placental RNAs may reflect the pathophysiology of the placenta. In the current study, circulating placenta-related long noncoding RNAs (lncRNAs) were evaluated as potential biomarkers for preeclampsia (PE). Two parts of the case-control study were simultaneously executed, including the following sets: 52 patients with late-onset PE (LOPE) (diagnosed after 34 weeks) and 52 gestational age (GA)-matched controls; 58 patients with early-onset PE (EOPE) (diagnosed before 34 weeks) and 58 GA-matched controls. LncRNA expression was detected in the placenta analysis part, and the participants were delivered by caesarean sections. The levels of circulating placenta-associated lncRNAs were measured in the plasma analysis part and all pregnant women were included. Using microarray analysis, 163 differentially expressed lncRNAs were identified in placental samples from patients with LOPE, some of which were also detected in plasma samples from pregnant women. There were significant positive correlations between plasma, and placental expression levels of NONHSAT116812 and NONHSAT145880, which in plasma provided high diagnostic efficiencies for LOPE and EOPE. The present study demonstrated that circulating placenta-associated lncRNAs, paticularly NONHSAT116812 and NONHSAT145880 have potential as biomarkers for PE.
Introduction
Preeclampsia (PE) is a pregnancy-specific multisystem disorder that contributes substantially to maternal, fetal, and neonatal mortality and morbidity rates worldwide (1) . Despite extensive research, causes of PE remain unclear, and removal of the placenta is the only effective cure for the disease (2) . Researchers have speculated that placental defects, especially shallow placental implantation, can induce the clinical disease (3, 4) . Others have suggested that long noncoding RNAs (lncRNAs) in human placenta may play roles in regulating trophoblast cell invasion and inducing PE (5, 6) .
LncRNAs comprise a diverse class of RNA transcripts that exceed 200 nucleotides in length with limited protein-coding potential, which were believed to have surprisingly complex and diverse functions (7) . Misregulation of lncRNAs have been identified to be involved in various disorders such as cancer, cardiovascular disease and PE (8) . In addition to their possible role in the biological functions, circulating lncRNAs have been characterized as a new class of potential biomarkers in the diagnosis and prognosis of different types of malignant tumors and for possibly predicting and monitoring treatment response (9, 10) . Recently, two papers described the differentially expressed lncRNAs in PE placenta using microarray, and revealed that many of these lncRNAs may be involved in the pathological mechanisms of PE (11, 12) . Therefore, We postulated that placenta-related lncRNAs might be also released into the maternal circulation in pregnancy and could be utilized to detect and monitor PE.
Materials and methods
Participant enrollment. All study participants were pregnant and non-pregnant women of the Department of Obstetrics and Gynecology of the Affiliated Third Hospital of Guangzhou Medical University (Guangzhou, China) between February 2015 and February 2017. This case-control study involved the following sets of cases and controls: late-onset PE (LOPE) patients (diagnosed after 34 weeks, n=52) and gestational age (GA)-matched healthy pregnant women (control group 1, n=52); early-onset PE (EOPE) patients (diagnosed before 34 weeks, n=58) and GA-matched healthy pregnant women who underwent routine outpatient antenatal examination and did not develop hypertension during their pregnancies (control group 2, n=58). Of these, 21 LOPE patients and all EOPE patients received anti-hypertensive drugs and/or magnesium sulfate prior to and following the termination of pregnancy. In addition, 30 healthy never-pregnant women were also recruited in this study. All pregnant women had singleton pregnancies and none of the PE patients had any other maternal complications. PE is defined according to the criteria of the American College of Obstetricians and Gynecologists (1) . Demographic and clinical characteristics of all participants are summarized in Table Ⅰ . This study was approved by the ethics committee of the Third Affiliated Hospital of Guangzhou Medical University. Informed consent was obtained from all individual participants included in the study.
Sample collection and preparation. Peripheral venous blood samples were collected from all of the participants, particularly blood samples from women who had delivered were obtained within 48 h before termination of pregnancy, without spontaneous or nonspontaneous labor. Up to 2.5 ml of blood was drawn from each nonfasting subject into an anticoagulation tube containing K 2 EDTA. Blood was processed within 30 min of collection. Plasma was collected via a two-step centrifugation protocol of 1,800 g for 10 min at 4˚C and 12,000 g for 10 min at 4˚C. This process ensured the thorough elimination of peripheral blood cells and platelets. Separated plasma samples were transferred to an RNase/DNase-free tube and stored at -80˚C until total RNA extraction. Blood samples with hemolysis were excluded from analysis.
Placental tissues were obtained during elective caesarean sections (C/S) from women who delivered in the absence of labor. Of the 117 placental tissue samples, 40 were from the LOPE group, 35 were from control group 1, and 42 were from the EOPE group. Placental tissue that was about 2 cm away from the attachment site of the umbilical cord in the placenta was randomly dissected within 5 min of delivery, including a full-thickness of placenta. Harvested samples were washed extensively in cold saline immediately after resection and stored in sufficient quantities of RNAlater (AM7020; Ambion, Thermo Fisher Scientific, Inc., Waltham, MA, USA) to protect RNA from degradation. Liquid was removed after 24 h of storage, and placental samples were stored at -80˚C until use.
LncRNA microarray analysis. For microarray analysis, 8 randomly and blindly selected placental samples from LOPE patients and matched controls (4 samples per group) were used to extract total RNA. The expression profiles of the placental lncRNAs were detected using the Agilent Human lncRNA Microarray V4.0 (OE Biotech, Shanghai, China). The threshold for a dysregulated lncRNA was set as a fold-change (FC) value of 2.0 or greater. Gene Ontology (GO; ftp://ftp.ncbi.nlm. nih.gov/gene/DATA/gene2go.gz, October 2015) and Kyoto Encyclopedia of Genes and Genomes (KEGG; http://www. genome.jp/kegg/, Release 76.0) analyses were applied to explore the roles of the differentially expressed lncRNAs that exhibited a significance value of P<0.05.
RNA extraction from placenta and plasma. Total RNA was extracted from placenta tissue using Trizol Reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. The RNA integrity was evaluated using agarose gel electrophoresis stained with GelRed. For plasma, total RNA was extracted from 800 µl of each sample using the mirVana PARIS kit (1556; Ambion, Thermo Fisher Scientific, Inc.) according to the manufacturer's instructions.
The average recovery volume was 45 µl, and the RNA yield calculated using spectrophotometry was approximately 11.3 ng/µl.
Quantitative polymerase chain reaction (qPCR).
A total of 1 µg or 7 µl of RNA from each placental tissue or plasma was reverse transcribed to cDNA using the PrimeScript™ RT reagent kit with gDNA Eraser (RR047A; Takara Biotechnology Co., Ltd., Dalian, China) in a 20-µl reaction volume. All primers used in this study were designed and synthesized by Shanghai Generay Biotech Co., Ltd. (Shanghai, China), a ccording ddto the sequences obtained from the National Center for Biotechnology Information Database. Then, qPCR was performed on a StepOnePlus TM Real-Time PCR System (Thermo Fisher Scientific, Inc.) using SYBR ® Premix EX Tag™ II (RR820A; Takara Biotechnology Co., Ltd.) in a 20-µl reaction volume, and each sample was analyzed in triplicate and the specificity of each PCR reaction was confirmed by melt curve analysis. The qPCR reaction conditions were as follows: A denaturation step at 95˚C for 30 sec, followed by 40 PCR cycles at 95˚C for 5 sec and 60˚C for 30 sec. Relative expression levels of lncRNAs were quantified based on the C quantification cycle values and normalized to the internal control housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH), which has been shown to be the optimal endogenous control for lncRNA expression in tissues and plasma (10, 13) . Expression levels were calculated by using the ΔC q method. A smaller ΔC q value indicates higher expression, and relative lncRNA expression was calculated by the 2 -ΔΔCq method normalized to GAPDH.
Statistical analyses. All statistical analyses were performed with the Statistical Package for Social Sciences software version 22.0 (SPSS, Inc., Chicago, IL, USA). Comparisons between two subgroups were estimated by using the independent samples t-test or Mann-Whitney U-test for continuous data and Fisher's exact test for categorical data. Comparisons between multiple subgroups were performed by one-way analysis of variance (ANOVA). Spearman's rank analysis was used for correlation analysis. All reported P-values are two-sided, and P<0.05 was considered to indicate a statistically significant difference.
Results

Microarray analysis and functional prediction.
We identified 163 lncRNAs that were differentially expressed between LOPE placentas and healthy controls, with 38 up-and 125 downregulated lncRNAs. NONHSAT084322 (CUST_4347_ PI429545410) was the most upregulated (FC=9.202518) and NONHSAT028367 (CUST_33686_PI429545402) was the most downregulated lncRNA (FC=16.553854). The lncRNA microarray expression results have been uploaded to NCBI Gene Expression Omnibus (GEO) and are accessible with the GEO series accession number GSE97898 (https://www.ncbi. nlm.nih.gov/geo/query/acc.cgi?acc=GSE97898).
Using the same criteria as the lncRNAs, we found 14 upregulated and 67 downregulated mRNA transcripts. The most upregulated and downregulated mRNA transcripts were GSTT1 (A_23_P254944) and KRT6A (A_33_P3292886), with FCs of 9.89536 and 22.835077, respectively. Hierarchical clustering of the expression of those lncRNAs and mRNAs based on centered Pearson correlation clearly separated LOPE from normal tissues (Fig. 1) . Differentially expressed lncRNAs were clustered into hundreds of GO and KEGG pathway annotations. According to enrichment counting, the significantly enriched GO terms corresponded to biological processes, involving musculoskeletal movement, immune responses, and metabolic processes, and the most enriched KEGG pathways included oxidative phosphorylation and metabolic pathways (Fig. 2) .
Confirmation of lncRNAs by qPCR.
For practical purposes, to validate the microarray results and to increase the detection probability of plasma lncRNAs, we first selected differentially expressed lncRNAs that have high normalized probe signal values on the array platform, and then subjected to qPCR validation in placental tissues from the LOPE patients (n=40) and Red indicates upregulation; green indicates down regulation. 2.1, 0 and -2.1 are folds-changes in the corresponding spectrum, whereas N represents normal placenta samples and P represents LOPE tissue. The differentially expressed lncRNAs and mRNAs clearly self-segregated into N and P clusters. lncRNA, long noncoding RNAs; LOPE, late-onset preeclampsia.
controls (n=35) delivered by caesarean section. Demographic and clinical characteristics of all of the pregnant women are summarized in Table Ⅱ . Finally, 9 highest expressed lncRNAs in placental tissues were selected as candidate targets for subsequent circulating lncRNA assay, and their primers used are shown in Table Ⅲ . The qPCR results showed the same tendencies (upregulation or downregulation) as the microarray data (Fig. 3) .
Presence of placental lncRNAs in human plasma. To explore whether the nine placenta-related lncRNAs were present at detectable levels in maternal plasma, we used qPCR to examine lncRNA expression levels in plasma samples from the LOPE group and control group 1 (52 samples per group, 104 samples total) and from the EOPE group and control group 2 (58 samples per group, 116 samples total). As shown in Fig. 4 , the expression level of NONHSAT116812 and NONHSAT145880 was significantly lower or higher in PE patients than in healthy controls with a 100% detection rate, respectively. The other seven lncRNAs had detection rates below 30% in both PE plasma samples and healthy controls and, therefore, were excluded from subsequent analyses. To verify that these two lncRNAs were present in plasma samples which were obtained from PE patients and healthy controls, the qPCR products (165 bp of NONHSAT145880 and 87 bp of NONHSAT116812) were followed by Sanger sequencing with the primers used for qPCR, using BigDye™ Terminator v3.1 Cycle Sequencing kit (Applied Biosystems: 4337455) by Guangzhou Ige Biotech Co., Ltd. (Guangzhou, China). As expected, their sequences were identical to those derived from NONHSAT116812 (http://noncode.org/show_ rna.php?id=NONHSAT116812) and NONHSAT145880 (http://noncode.org/show_rna.php?id=NONHSAT145880) (Fig. 5) . However, these two lncRNAs were also detected in plasma samples from non-pregnant individuals at a rate of 100%, whereas other lncRNAs were not detectable. Therefore, we compared expression levels of NONHSAT116812 and NONHSAT145880 in plasma samples from pregnant women (n=52 from the LOPE group, n=52 from control group 1, n=58 from the EOPE group, and n=58 from control group 2) and non-pregnant women (n=30) by measuring the ΔCt value in the plasma. As expected, we found significantly larger ΔCt values of these two lncRNAs in never-pregnant women than in pregnant women, and significantly smaller ΔCt values in PE patients than in healthy pregnant women (Table Ⅳ) .
Correlation of lncRNA levels between plasma and placenta.
To determine whether expression levels of lncRNAs in plasma and placentas were related, we compared expression levels of NONHSAT116812 and NONHSAT145880 in paired plasma and placental samples from 117 pregnant women delivered by C/S (n=42 from EOPE group, n=40 from LOPE group, and n=35 from control group 1). The data showed that plasma and placental measurements were strongly correlated for NONHSAT116812 (r= 0.841, P<0.001) and NONHSAT145880 (r=0.739, P<0.001) (Fig. 6) .
Evaluation of plasma lncRNAs as biomarkers for detecting PE.
We evaluated the ability of these two placenta-related lncRNAs to be used as plasma biomarkers for PE. Receiver operating characteristic (ROC) curves and areas under the ROC curves (AUCs) were obtained from the data of all pregnant women. Strong separation was found between ROC curves from the LOPE patients (n=52) and the healthy controls (n=52 (Fig. 7) .
Discussion
PE is a serious disease that cannot be cured except removal of the placenta. Early identification of women at high risk of developing PE would enable surveillance and intervention, with the potential for drastically improving pregnancy outcomes. To date, although numerous protein biomarkers of placental origin have been strongly associated with PE, these lack adequate accuracy to be used clinically (14, 15) . The circulating placental RNAs biomarkers have obvious advantage over protein biomarkers, changes of which in gene expression might be detectable before changes in protein levels occur and reflect alterations in placental function (16) . However, little is known about the value of circulating placenta-related lncRNAs as potential biomarkers for PE.
In this study, we first selected LOPE placental tissues and healthy controls for lncRNA microarray analysis and a total of 163 differentially expressed lncRNAs (FC ≥2.0) were identified. The results are consistent with a previous study that described the expression patterns of 738 differentially expressed lncRNAs (FC ≥1.5) in placentas from patients with LOPE (11). However, a recent study evaluated the differential expression of lncRNAs in placental samples from EOPE patients and preterm controls and identified 28,824 dysregulated lncRNAs (FC ≥2.0) (12) . The distinct expression profiles of lncRNAs may be because EOPE is more serious than LOPE and placental defects are more prevalent (17, 18) . However, these studies have shown that aberrantly expressed lncRNAs in placenta may function in the pathogenesis and development of PE.
Further, 9 highest expressed lncRNAs in placental tissues were evaluated by qPCR to measure their expression levels in plasma. We found that the expression levels of NONHSAT116812 and NONHSAT145880 were significantly lower or higher in plasma from LOPE patients compared to healthy controls with a 100% detection rate, and the trends were consistent with the results in placental samples. Interestingly, the expression levels of the two lncRNAs in plasma from EOPE patients have the same trends with those of LOPE patients. However, our results are inconsistent with a previous study that revealed higher expression levels of circulating placental RNAs in EOPE compared with LOPE (19) . This inconsistencies may be due to the existence of a wide range of heterogeneity between the studied populations, with samples collected across various gestations and processing procedures (20) .
In addition, the expression levels of these two lncRNAs in placenta and plasma from the same individual correlated strongly. While other lncRNAs were also detectable in plasma, the detection rates were less than 30% in plasma samples from PE patients and corresponding controls. Moreover, to explore whether the nine lncRNAs were specific to pregnancy, we measured their expression levels in plasma samples from non-pregnant women and the results showed thatNONHSAT116812 and NONHSAT145880 were detectable with a detection rate of 100%, but their expression levels were significantly lower than those in pregnant women, and the other lncRNAs were not detectable in non-pregnant women. Therefore, We hypothesized Figure 3 . Validation of placenta-related lncRNAs expression in placental tissues. The differentially expressed lncRNAs were subjected to qPCR validation in placental tissues from late-onset PE patients (n =40) and healthy controls (n=35) delivered by caesarean section. 2 -ΔΔCq method was used to calculate lncRNA expression normalized to GAPDH and the expression levels of each lncRNA are presented relative to the healthy control group, as indicated by the horizontal dotted line at y=1. Data were compared by independent samples t-test or Mann-Whitney U-test. The bars indicate the standard deviation. * P<0.05 vs. healthy control group. lncRNAs, long noncoding RNAs; PE, preeclampsia. . Differential expression patterns of placenta-related lncRNAs in PE plasma. Relative expression levels of NONHSAT116812 and NONHSAT145880 in late-onset PE group and control group 1 (n=52 per group) (A) and in early-onset PE group and control group 2 (n=58 per group) (B). 2 -ΔΔCq method was used to calculate lncRNA expression and the expression levels of each lncRNA are presented relative to the healthy control group, as indicated by the horizontal dotted line at y=1, respectively. Statistical differences were analyzed using independent samples t-test. Bars indicate standard deviation. * P<0.05 vs. healthy control group. lncRNAs, long noncoding RNAs; PE, preeclampsia.
that these two lncRNAs are expressed not only in the placenta but also in other tissues of the body and, for the first time, NONHSAT116812 was detected in the placenta (http://noncode. org/show_rna.php?id=NONHSAT145880; http://noncode. org/show_rna.php?id=NONHSAT116812). To futher verify that these two lncRNAs were present in plasma, the qPCR products were validated by a traditional Sanger-based method. As expected, their sequences were identical to those derived from NONHSAT145880 and NONHSAT116812. Taken together, these data provided strong evidence that placenta-related lncRNAs could be released into the circulation and their different expression patterns in plasma could be utilized as Figure 6 . Correlation of placenta-related lncRNAs expression between placenta and plasma. Spearman's rank correlation scatter plot of (A) NONHSAT116812 and (B) NONHSAT145880 levels in placental samples and plasma, which were obtained from 117 pregnant women delivered by C/S (n=42 from early-onset PE group, n=40 from late-onset PE group, and n=35 from control group 1). Data were presented as ΔCq values normalized to GAPDH. lncRNAs, long noncoding RNAs; PE, preeclampsia. Figure 7 . Evaluation of plasma lncRNAs for detection of PE. ROC curves were drawn with the data of plasma lncRNAs from 52 patients with late-onset PE and 52 healthy controls, and from 58 patients with early-onset PE and 58 healthy controls, respectively. (A) ROC-AUC for late-onset PE (NONHSAT116812, 0.828, P<0.001; NONHSAT145880, 0.815, P<0.001); (B) ROC-AUC for early-onset PE (NONHSAT116812, 0.864, P<0.001; NONHSAT145880, 0.859, P<0.001). lncRNAs, long noncoding RNAs; PE, preeclampsia; ROC, receiver operating characteristic. biomarkers for detecting and monitoring PE. Recently, several studies have suggested that cell-free lncRNAs are detectable in human plasma and serum and may be utilized as minimally invasive biomarkers for disease prediction, diagnosis, and prognosis (21) (22) (23) . Although the precise mechanism of lncRNA release into the extracellular environment is not completely understood, recent studies have shown that circulating lncRNAs are packaged into microparticles or other secondary structures that are protected from endogenous RNases (24, 25) . Finally, the diagnostic power of the two circulating placenta-related lncRNAs was evaluated for PE. ROC curves illustrated a strong separation between PE patients and corresponding controls indicating that NONHSAT116812 and NONHSAT145880 have high diagnostic power for the detection of LOPE and EOPE. Thus, these two lncRNAs could be worthy of further research when seeking novel biomarkers for predicting and monitoring onset of PE. However, our study has some limitations, such as a modest sample size, use of a qPCR method with relatively low-sensitivity, and lack of an in-depth functional investigation of placenta-related lncRNAs. Therefore, prospective cohort studies are required to determine whether these findings are the consequence or cause of PE, and to determine the clinical applicability of using these molecules as the early markers of PE.
In conclusion, aberrantly expressed placenta-related lncRNAs might play a key or partial role in the pathogenesis of PE. More importantly, differentially expressed lncRNAs can be released into the maternal circulation, particularly NONHSAT116812 and NONHSAT145880 had high diagnostic power for PE. Further research is required to measure circulating placenta-related lncRNAs as potential tools for PE prediction and management.
